The mechanisms of single-loop reentry in a syncytium without anatomically predetermined pathways have not been shown. Using a "jacket electrode" with 111 bipolar electrodes in a nylon matrix, we mapped in situ the atrial epicardial surface during atrial flutter in dogs with sterile pericarditis. Of 21 episodes of reentrant atrial flutter, only four showed double-loop ("figure-eight") reentry, whereas in 17 episodes a single loop was present. During initiation of single-loop reentry, an arc of functional block extended to the atrioventricular (AV) ring. This forced activation to proceed as a single wave around the free end of the arc, before breaking through the arc close to the AV ring. Activation continued as one loop around an arc close to the AV ring (in eight episodes) or around a combined functional and anatomic obstacle (in nine episodes) when the arc joined an atrial vessel. A zone of slow conduction was consistently bordered by the arc of block and the AV ring or by the anatomic obstacle and the AV ring. Spontaneous termination occurred when conduction failed in this area and the arc rejoined the AV ring. High-density recordings (2 mm) along the arc of block showed double potentials separated by an isoelectric interval, interpreted as local activation and electrotonus due to activation on the opposite side of the arc. Histologically, a diffuse inflammatory reaction involved 50-801% of the atrial wall. A transitional layer of myocardial bundles with preserved cross striation, but separated by edema and inflammatory cells, was enclosed between an epicardial layer of fragmented myocytes and an endocardial layer of grossly intact myocardium. There were no distinctive features at sites of functional conduction block or slowed conduction. In conclusion, single-loop reentry is the common pattern during atrial flutter in this model. Its induction depends on an interaction of the AV ring, a functional arc of block, and a zone of slow conduction. The location of the inferior vena cava predisposes the lower right atrium to this type of reentry. (Circulation Research 1990;67:35-50) T he development of surgical and catheter ablative techniques for the treatment of atrial flutter in patients requires a better understanding of the electrophysiological mechanisms underlying the arrhythmia. Several canine models with supraventricular tachyarrhythmias simulating atrial flutter have been developed over the years. The majority of these models seem to be of little relevance for the c-linical arrhythmia. This includes ani-
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The mechanisms of single-loop reentry in a syncytium without anatomically predetermined pathways have not been shown. Using a "jacket electrode" with 111 bipolar electrodes in a nylon matrix, we mapped in situ the atrial epicardial surface during atrial flutter in dogs with sterile pericarditis. Of 21 episodes of reentrant atrial flutter, only four showed double-loop ("figure-eight") reentry, whereas in 17 episodes a single loop was present. During initiation of single-loop reentry, an arc of functional block extended to the atrioventricular (AV) ring. This forced activation to proceed as a single wave around the free end of the arc, before breaking through the arc close to the AV ring. Activation continued as one loop around an arc close to the AV ring (in eight episodes) or around a combined functional and anatomic obstacle (in nine episodes) when the arc joined an atrial vessel. A zone of slow conduction was consistently bordered by the arc of block and the AV ring or by the anatomic obstacle and the AV ring. Spontaneous termination occurred when conduction failed in this area and the arc rejoined the AV ring. High-density recordings (2 mm) along the arc of block showed double potentials separated by an isoelectric interval, interpreted as local activation and electrotonus due to activation on the opposite side of the arc. Histologically, a diffuse inflammatory reaction involved 50-801% of the atrial wall. A transitional layer of myocardial bundles with preserved cross striation, but separated by edema and inflammatory cells, was enclosed between an epicardial layer of fragmented myocytes and an endocardial layer of grossly intact myocardium. There were no distinctive features at sites of functional conduction block or slowed conduction. In conclusion, single-loop reentry is the common pattern during atrial flutter in this model. Its induction depends on an interaction of the AV ring, a functional arc of block, and a zone of slow conduction. The location of the inferior vena cava predisposes the lower right atrium to this type of reentry. (Circulation Research 1990;67: [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] T he development of surgical and catheter ablative techniques for the treatment of atrial flutter in patients requires a better understanding of the electrophysiological mechanisms underlying the arrhythmia. Several canine models with supraventricular tachyarrhythmias simulating atrial flutter have been developed over the years. The majority of these models seem to be of little relevance for the c-linical arrhythmia. This includes ani-mal preparations in which anatomic lesions were created in the atrial walll-6 or in which different substances were applied to the atria.7-9 Two new canine models, based on the creation of right atrial enlargement10 or sterile pericarditis," may prove to represent more relevant experimental counterparts to the clinical situation. Atrial flutter is commonly seen in patients with enlarged atria12 and in patients after open heart surgery, where sterile pericarditis may be involved. 13 In the right atrial enlargement model, the activation patterns during sustained reentrant rhythms have been analyzed using an endocardial "egg" electrode.'4 This technique, however, is limited to an isolated heart preparation. Detailed activation patterns during atrial flutter in the sterile pericarditis model have not been published.
The present study was conducted to investigate in vivo the electrophysiological mechanisms of atrial flutter in the sterile pericarditis model. To obtain multiple simultaneous recordings in situ, a special electrode array was designed that covered the epicardial surface of both atria. We could demonstrate circus movement around functional and combined functional/anatomic obstacles on the epicardial surface, and we examined in detail the activation patterns during initiation, sustenance, and termination of atrial flutter. Using a high-density electrode grid, we further analyzed the nature of the functional arc of block, around which the activation wave front circulated. We also performed a preliminary correlation of electrophysiological and histological findings.
Materials and Methods Model Preparation
In 16 mongrel dogs weighing 15-25 kg, sterile pericarditis was created by generously dusting the surface of both atria with talcum powder. Three pairs of Teflon-coated silver wires (0.08 in. in diameter, Medwire, Mt. Vernon, N.Y.) were sutured to selected atrial sites (right atrial appendage, interatrial band, and posteroinferior aspect of the left atrium) and exteriorized posteriorly in the neck. The chest was then closed, and the dogs were allowed to recover for 24 hours. Details of the procedure have been described by Page et al.'1 After recovery, programmed atrial stimulation was performed daily with the dogs in the conscious, nonsedated state. Induction of atrial flutter was attempted from each electrode site; the other two sites were used for recording purposes. The stimulation protocol consisted of short periods (5-10 seconds) of rapid atrial pacing at incrementally faster rates. Atrial flutter was identified by a uniform atrial electrocardiographic (ECG) morphology and a beat-to-beat interval variation of less than 10 msec ( Figure 1 ). Atrial flutter lasting more than 5 minutes was interrupted by rapid atrial FIGURE 2. Diagrammatic illustration oftheposterior view of the heart with the atrial jacket (shaded area) in place. The atrial appendages are slipped into the "sleeves" of the jacket, the device is fixed by sutures along the atrioventricular ring, and the string is tied in front of the inferior vena cava. The inset in the upper left comer shows the left lateral aspect of the jacket. The electrode placement is illustrated in the inset in the upper right comer. See text for details. pacing and was defined as being sustained. Mapping studies in the open-chest state were performed on the day after the induction of sustained atrial flutter.
Electrode Arrays and Recording Instrumentation
For detailed mapping of atrial excitation in the in situ canine heart, we designed a special electrode. A flexible nylon mesh sock was contoured to fit both atria ( Figure 2 ). This "atrial jacket" had two pouches ("sleeves"), one for the right and one for the left atrial appendage, and an open back to give room for the pulmonary veins and the inferior vena cava. A string around this opening was used to fix the device. The bipolar recording electrodes consisted of 222 Teflon-coated silver wires (0.005 in. in diameter) with an interpolar distance of 1-2 mm. The distance between electrodes on the jacket ranged from 3 to 5 mm, but this distance could reach 5-8 mm in certain areas (e.g., the atrial appendages) when the nylon mesh was stretched. Additional bipolar electrodes were constructed on five individual Teflon patches (from 5 x 10 to 10 x20 mm and 0.02 in. thick). Each patch contained 2-5 electrode pairs. Thus, a total of 127 recording sites was obtained. To allow recordings at a higher spatial resolution in selected areas, 128 Teflon-coated silver wires were sutured on a 16x 16mm Teflon patch, resulting in 64 bipolar electrodes with an interpolar distance of 1 mm and an interelectrode distance of 2 mm. TN 
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Details of the recording techniques, the multiplexer recording system, and the methods for constructing isochronal activation maps have been previously reported. [15] [16] [17] In ECGs showing a sharp intrinsic deflection, the maximum first derivative was taken as the moment of activation, whereas in slow multiphasic ECGs, the peak of the major deflection was chosen. Isochronal maps were constructed manually at 10-msec intervals. In general, several consecutive cycles totaling at least 1 second were analyzed during any one episode of atrial flutter.
Mapping Studies
The day after induction of sustained atrial flutter (2-3 days after surgery), the dogs were reanesthetized with 30 mg/kg i.v. sodium pentobarbital and ventilated with room air through an endotracheal tube by use of a positive pressure respirator (Harvard Apparatus, South Natick, Mass.). Supplemental doses of anesthetic and saline were administered through a femoral venous catheter.
Electrocardiographic lead II and aortic blood pressure were continuously monitored on a DR 10 recorder (Electronics for Medicine, Pleasantville, N.Y.). The heart was exposed by removing part of the sternum and the anterior half of ribs three through five bilaterally. A pericardial incision was made extending from the cranial reflection to the ventricular apex. The previously placed silver wires were kept in place for stimulation and recording purposes. The azygos vein and, in cases of proximity, the right superior pulmonary vein were isolated intrapericardially and divided between ligatures. Gentle separation of the parietal pericardium from the adherent epicardium and incision of the venous mesocardium between the superior vena cava and the right superior pulmonary vein gave access to the transverse sinus of the pericardium. Dividing the ligamentum of Marshall (fold of the left vena cava) finally provided a passage from the left atrial appendage along the transverse sinus to the right atrial free wall. The left part of the electrode jacket was grasped with a clamp and pulled through this isthmus. The atrial appendages were slipped into the pouches, and both ends of the string now surrounding the pulmonary veins were tied together in front of the inferior vena cava.
Several sutures along the atrioventricular (AV) ring improved the contact of the electrodes with the epicardial surface ( Figure 2 ). Coverage of the anterior aspect of the atria, accessible after displacement of the appendages laterally, and of the posterior area between and below the pulmonary veins was achieved with the small patch electrodes. After the surgical preparation, the chest cavity was covered with gauze, the epicardial surface was repeatedly sprinkled with warm saline, and the intrathoracic temperature was adjusted to approximately 370 C. Protocols for induction of atrial flutter included rapid atrial pacing and introduction of up to three extrastimuli after a train of eight paced beats at a cycle length of 250 msec. Stimuli of four times diastolic threshold strength were used to assure atrial capture at rapid rates. Once a stable arrhythmia was induced and the activation pattern was outlined, critical areas were identified and covered with the high-density patch electrode, which was slipped underneath the jacket. Simultaneous recordings from selected electrodes on the jacket were used to verify the stability of the reentrant circuit and the location of the patch.
Histology
After the mapping studies, the anatomic locations of selected epicardial recording sites were determined and marked with short needles. The heart was then excised, the jacket was removed, and the needles were replaced by sutures. The atria were isolated and fixed in acetate-buffered neutral 10% formalin. For histological examination, tissue blocks were embedded in paraffin, cut, and stained with hematoxylin and eosin.
Statistical Methods
Data are expressed as mean+SD. Student's t test for paired or unpaired data was applied where appropriate.
Results
Twelve of the 16 dogs subjected to sterile pericarditis showed inducible sustained atrial flutter in the conscious state and were further investigated with the mapping technique. Sinus Rhythm Activation sequence during sinus rhythm in all 12 dogs showed a pattern of atrial activation similar to previously reported data in normal4"18 and diseased1""14 atria. Figure 3 illustrates a representative map. The isochronal map in this figure, as well as in subsequent figures, is displayed as if the atria were separated from the ventricles along the AV ring with the inferior bodies of both atrial appendages incised from the AV ring to their tips. Numbers indicate the difference in activation time in relation to a chosen time reference (e.g., areas activated 1-10 or 11-20 msec after the time reference are labeled 10 and 20, respectively).
The epicardial site of earliest activation was near the sinoatrial node. The impulse spread in a centrifugal fashion toward both the appendages and the inferior vena cava. Total atrial activation was completed within 60 msec, and the posteroinferior left atrium was the last site activated. Total atrial activation time during sinus rhythm averaged 59+7 msec for all 12 dogs. Induced Atrial Flutter Epicardial activation during 24 different episodes of induced atrial flutter was mapped in the 12 dogs. The mean cycle length of these arrhythmias was 155+±34 msec. Although beat-to-beat variations within a given episode did not exceed 10 msec, the cycle length of different episodes in the same dog could vary considerably. By study design, atrial flutter in conscious dogs RAA LAA FIGURE 3. Epicardial activation map during a regular sinus beat. The atria are displayed in a planarprojection as though separated from the ventricles along the atrioventricular ring and incised on the inferior bodies of both atrial appendages from the atrioventricular ring to their tips. The shaded area represents the orifices of the atrial vessels. Black dots indicate the position of the bipolar electrodes. Note the centrifugal spread of activation originating at the sinus node area. AVR, atrioventricular ring; IVC, inferior vena cava; LAA, left atrial appendage; RAA, right atrial appendage; SVC, superior vena cava. was provoked only once or twice to assure inducibility in the open-chest state. Thus, the mean cycle length of this limited number of episodes (129± 12 msec) might not be comparable with the mean cycle length of all episodes induced during the mapping studies. Atrial ECGs and ECG morphology during induced atrial flutter were similar with the dogs in the conscious compared with the open-chest state.
In three episodes with a cycle length of 135, 180, and 250 msec, the activation map demonstrated a centrifugal spread of the wave front from a small area of earliest activation (Figure 4 ). The centrifugal wave fronts activated the total epicardial surface within 63±12 msec. The latest activation preceded the earliest activation of the following beat by 125+69 msec, and the signals were recorded at sites that were distant from each other. These tachycardias were classified as focal, although reentrant circuits involving the interatrial septum could not be totally excluded. All three episodes were induced by rapid atrial pacing.
In the remaining 21 episodes (mean cycle length, 150±28 msec; range, 100-200 msec), activation during atrial flutter appeared as circus movement reentry that could be completely traced on the epicardial surface. Of the 12 dogs studied, one exhibited only focal atrial flutter. Two other dogs revealed both focal and reentrant patterns, and the cycle length of subsequent episodes could vary up to 100 msec.
Initiation of Circus Movement Atrial Flutter
Whereas bursts of rapid atrial pacing induced the arrhythmia in all 11 dogs with circus movement atrial flutter, programmed premature stimulation with up The site of earliest atrial activation was located in the left atrium. The map shows the radial spread ofactivation from a "focus" with no evidence ofa reentrant activation pattem. The location ofthe representative ECGs (A-G) is indicated on the map. ECGs during four consecutive cycles are shown, which underline the regularity of the activation pattem. Note the interval between the latest activation at site G and the earliest activation of the following beat at site A. In some ECGs, the ventricular activation is superimposed on the atrial signal.
to three extrastimuli initiated reentry in three animals. Rapid atrial pacing often led to a short period of atrial fibrillation, which then turned into regular atrial flutter. The complex activation patterns during rapid atrial pacing compromised a detailed analysis of the spread of activation during this mode of induction. However, in the three dogs with reentrant arrhythmias inducible by the extrastimulus technique, the mechanism of initiation of reentrant atrial flutter could be analyzed in detail. Figure 5 , left panel, illustrates epicardial isochronal maps from an experiment in which sustained circus movement was initiated by two premature stimuli (S2 and S3) at coupling intervals of 120 msec following eight basic stimuli (Si) at a cycle length of 250 msec. Stimulation was applied to a site in the posteroinferior aspect of the left atrium. Figure 5, In the two other experiments, atrial extrastimuli similarly produced an arc of block contiguous with the AV ring that forced activation to proceed as a single, circulating wave front.
Termination of Circus Movement Atrial Flutter
Circus movement atrial flutter could always be terminated by rapid atrial pacing. We did not analyze in detail the mechanism of termination of reentry by rapid atrial pacing. However, spontaneous termination was analyzed in three episodes from three different dogs. Figure 6 , left panel, shows isochronal maps during the last three beats (Af} 2, An , and An) of a spontaneously terminating episode of circus movement atrial flutter from one of those experiments. Illustrative ECG recordings along the reentrant pathway are depicted in Figure 6 , right panel. Epicardial activation during sustained atrial flutter showed a single-loop circus movement around a U-shaped functional arc of block in the lower right atrial wall, close to the AV ring. As in Figure 5 , left panel, apparent conduction along the free right atrial wall was relatively fast. Again, the epicardial activation in this area might not have represented the actual conduction of the reentrant wave front. Instead, a spread of activation around the anterior portion of the AV ring under the right atrial appendage and up through the septum with consecutive activation of the paraseptal epicardium could have also been possible. A narrow zone of very slow conduction (approximately 0.15 m/sec) was consistently sandwiched between the functional arc of block and the AV ring (An-2, An-, An in Figure 6 , left panel). Representative ECGs in Figure  6 , right panel, demonstrate the regularity of this activation pattern for the last five beats of the arrhythmia. The circus movement was terminated (A,) when the activation wave front blocked in this isthmus, resulting in extension of the functional arc of block to the adjacent AV ring. Figure 7 illustrates a complex conduction pattern seen in the slow zone before spontaneous termination. Although the cycle length of the circuit remained fairly stable (about 160 msec), localized cycle length alternans of 165-180 msec and 140-150 msec was seen at sites J and K, respectively, in the slow zone. Alternation of ECG configuration was also present at these two sites as well as at site A on the opposite side of the arc of block. ECGs at sites J and A, facing each other on opposite sides of the arc, showed multiphasic potentials with a prominent second deflection in alternate cycles. The first deflection at site J preceded the first deflection at site A in alternate cycles by 50 and 70 msec, respectively, corresponding to the difference in isochronal activation at the two sites. On the other hand, the second deflection at both sites (marked by stars) was simultaneous. Since this potential was only recorded in alternate beats, it could not have represented an integral part of the reentrant pathway. It is possible that the deflection reflected an activation or an electrotonic deflection from a dissociated zone that was being activated during alternate cycles. The conduction block resulting in termination of the circus movement occurred between sites K and L in the slow zone and followed a short activation cycle at K.
In the two other dogs in which spontaneous termination was analyzed, a single-loop circus movement similarly terminated when the activation wave front was blocked in the narrow zone, which was created by the functional arc of block and the adjacent AV ring. Significant changes in cycle length before termination could not be observed. We were also unable to identify oscillations in cycle length or ECG morphology near the site of block in these two cases. Activation Patterns of Circus Movement Atrial Flutter A diagrammatic illustration of the different epicardial activation patterns during sustained circus movement atrial flutter is presented in Figure 8 . A singleloop circus movement was seen in nine of 11 dogs (82%) with reentrant arrhythmias. In seven of these Figure 8B ). In all nine dogs with single reentrant loops, a zone of slow conduction was consistently bordered by the arc of block and the AV ring or by the vena cava and the AV ring. A "figure-eight" activation pattern was seen in only two dogs (18%). Two wave fronts circulated in clockwise and counterclockwise direction around two separate arcs of block and coalesced at one site before splitting once again into two separate wave fronts. Note the regularity and stability of this 2:1 pattem in the selected ECGs during the seven consecutive cycles with electrodes b-g being activated only during every other cycle. In some ECGs, the ventricular activation is superimposed on the atrial signaL age length of 33±5 mm (range, 25-35 mm) . In one of the nine dogs, a clockwise and counterclockwise circulating wave front around a similar arc of block occurred during two separate episodes of atrial flutter.
In the two dogs with figure-eight reentrant circuits, four separate episodes of circus movement atrial flutter (mean cycle length, 144±42 msec) were analyzed (two in each dog). In one dog, the reentrant circuit was located in the lower right atrial wall. The conduction time around the reentrant pathway differed by 50 msec during subsequent episodes (200 versus 150 msec) due to more pronounced slowing of conduction in the slow common pathway. The second dog was the only one to reveal different reentrant circuits during subsequent episodes of reentrant atrial flutter. During one episode, the circus movement was oriented around a functional arc of block in the left atrial free wall and a functional/anatomic obstacle involving the orifices of the pulmonary veins ( Figure 8C ). The revolution time was 120 msec, and conduction velocity was uniform with no discernible slow zone. A second episode of circus movement atrial flutter showed a figure-eight reentrant pattern only in alternate beats due to the occurrence of a 2: 1 conduction block in a major part of the right atrial wall. This is diagrammatically illustrated in Figure  8D and elaborated in detail in Figure 9 .
The activation map in Figure 9 , panel A, shows that two activation wave fronts circulated in opposite directions around two separate arcs of block located in the lower right and left atrium. Both waves coalesced below the inferior vena cava and reexcited site A after 105 msec (Figure 9, panel B ). For the circuit in the left atrium, a spread of activation through the interatrial septum with consecutive activation of sites A and B could not be excluded. During the next reentrant cycle, a long continuous arc of block developed in the right atrium, reaching the AV ring next to the superior and inferior vena cava. Although conduction to the right atrium was now blocked along this arc, a single circulating wave front in the left atrium continued and reexcited site A after 105 msec. The selected ECGs in the left panel of Figure 9 illustrate the regularity of this 2:1 activation pattern. 
Activation Patterns and Tachycardia Characteristics
Within the 21 episodes of reentrant atrial flutter, we observed a wide range of tachycardia cycle lengths and a variety of ECG morphologies. The surface ECG could show more or less typical F waves without an isoelectric interval between consecutive activations as well as monophasic or biphasic, prominent or very discrete isolated P waves. The presence of these different morphologies, resembling the common as well as the very rapid type of atrial flutter in man'9 might, at least in part, explain the wide range of tachycardia cycle lengths observed. Although the majority of reentrant circuits was located in the lower right atrium, our data did not reveal a consistent association between the location of the functional arc of block and the ECG morphology or the tachycardia cycle length. The tachycardia cycle length was similar for single and double reentrant loops (153 +24 versus 144+42 msec, p>O.05) as well as for pure functional and combined functional/anatomic obstacles (143+ 31 versus 156±25 msec,p>0.05). Of eight episodes of nonsustained circus movement atrial flutter, two had a figure-eight reentrant pattern; the other six episodes revealed a single wave front circulating around a pure functional (three episodes) or a combined functional/anatomic obstacle (three episodes). The cycle length of sustained and nonsustained episodes of circus movement atrial flutter was not significantly different (153 ±28 versus 149± 29 msec).
High-Resolution Recordings Close to Arcs of Functional Conduction Block
Recordings at a high spatial resolution were obtained from critical sites adjacent to the arc of functional conduction block during sustained circus movement reentry. An Figure 7 , is illustrated in Figure 10 . The shaded area indicates the position of the patch electrode across the functional arc of block. A high-density activation map during circus movement reentry was constructed from 64 bipolar ECGs and is displayed in the right upper panel of the figure.
One row of close bipolar ECGs, labeled A-F, across the arc of block during sinus rhythm and sustained reentry is shown in the left upper and lower panels of Figure 10 , respectively. During sinus rhythm, the area covered by the recording sites was activated within 10 msec as demonstrated by the relatively synchronous sharp biphasic ECGs with short duration. During circus movement reentry, a difference in activation time of 50 msec separated sites A, B, and C from sites D, E, and F. On each side of the arc of block, respective electrode sites were activated almost synchronously, with activation at sites A-C and sites D-F occurring with 10 msec. ECGs recorded from sites C and D, located only 2 mm apart on opposite sides of the arc of block, showed a characteristic double potential with an isoelectric interval separating a sharp monophasic deflection from a low amplitude slow potential. The sharp deflection corresponded in time with activation of large areas on the respective side of the arc of block. The low amplitude slow potential was synchronous with the sharp deflection on the opposite side of the arc. Both components of the double potentials at sites C and D were separated by an isoelectric interval of 50 msec, which corresponded to the interval between the respective activation time at each site. No long-duration, multiphasic, fractionated ECGs were recorded adjacent to the arc of block when a high resolution recording was obtained. Histological Findings Application of sterile talcum powder to the epicardial surface gave rise to a diffuse inflammatory reaction in both atria. The severity of this reaction was variable, resulting in an inhomogeneous pattern of affected areas. With light microscopy, the following four layers were discernible within the atrial wall ( Figure 11 ): 1) a superficial epicardial layer consisting of a homogeneous mass of fibrin, talcum crystals, and cellular debris, 2) a layer of marked mononuclear infiltration around myocytic fragments without visible cross striation, 3) a transitional layer of myocytes with preserved cross striation but abnormal architecture due to separation of myocardial bundles by edema, inflammatory cells, and neocapillaries, and 4) an endocardial layer of myocardial bundles that looked grossly intact on histological examination. Of the thickness of the atrial wall (1.5-3 mm), the outer two layers usually represented 20-30%, the transitional zone represented 30-50%, and the endocardial layer represented 20-40%.
The sample shown in Figure 11 was obtained from a site of functional conduction block, as indicated in Figure 12 . Here and in other experiments, sites of functional conduction block during sustained circus A B 100 msec FIGURE 12. Location of the tissue block (shaded area) used for the histological preparation in Figure 11 . The epicardial activation map (previously shown in Figure 5 ), with numbers indicating activation times in milliseconds, shows an arc of functional conduction block (heavy solid lines), reflected by a difference in activation time of approximately 70 msec at adjacent electrodes. Arrows indicate direction of the major wave front. Low amplitude slow potentials (marked by stars) on both sides ofthe arc ofblock (electrocardiogramsA and B) simultaneous with the activation of the area on the opposite side of the functional obstacle probably represent electrotonic deflections. After fixation, the tissue block was cut serially (1 mm) parallel to its short axis. The sample shown in Figure 11 was taken from the area underlying electrode sites A and B. movement reentry did not reveal any distinctive histological feature. There was also no obvious relation between the location of the arc of block and the geometry of the trabeculae in the right atrial free wall.
Discussion The present study is the first to simultaneously map total atrial epicardial activation in vivo. In two other studies of experimental atrial flutter, atrial endocardial activation was mapped by using two egg-shaped electrodes positioned in the atrial cavities.9,14 This technique required an isolated heart preparation. Obvious disadvantages of this approach are possible mechanical alterations of the atria as well as hemodynamic changes with unknown electrophysiological consequences. Further, the absence of humoral and autonomic influences is a major limitation. On the other hand, in contrast to the in vivo epicardial mapping method presented here, this technique enables mapping of atrial septal activation. It seems, however, that at least the major portion and the crucial components of the reentrant circuits in the canine sterile pericarditis model are located in the atrial free wall. The atrial septal tissue, which is not involved in the inflammatory reaction, is not expected to exhibit slow conduction or functional conduction block. The spatial resolution obtained with our recording technique is comparable with that reached in similar studies.4'6"14 In addition, the activation sequence in critical areas was further analyzed with a high-density electrode patch. Thus, the activation sequence could be determined as detailed as reported. However, it is possible that very small reentrant circuits (diameters of <5-8 mm) might not have been detected. Furthermore, the spatial resolution in the area between the atrial vessels was not as high as in the free wall of both atria, so that the activation sequence in this area could not be determined with the same accuracy.
Mechanisms of Initiation of a Single-Loop Circus Movement
Single-loop reentry around an anatomic obstacle was originally demonstrated in vitro by Mayer, 20 Mines,21 and Garrey.22 Both Mines and Garrey emphasized that unidirectional block occurred in response to a critically timed premature activation, due to spatial differences in refractoriness. A circus movement was established if the returning wave front found excitability at the site of unidirectional block recovered, thus permitting conduction to proceed uninterrupted. A similar mechanism for single-loop circus movement in an anatomically predetermined pathway was recently demonstrated in vivo by Frame and associates.6,23 They used a modified ring model with a surgically induced obstacle in canine atria, originally described by Rosenblueth and Garcia Ramos. ' Allessie and colleagues24-26 were the first to demonstrate single-loop reentry around a merely functional obstacle in vitro. In their experiments in small pieces of rabbit atrial myocardium, the induction of unidirectional conduction block and, subsequently, of reentrant activation was made possible by different refractory periods of atrial fibers in proximity to each other. Several subsequent studies'5-17,27'w have demonstrated circus movement within a functionally determined pathway underlying reentrant ventricular arrhythmias in vivo. During initiation, an arc of functional conduction block developed in the surviving epicardial layer overlying canine ventricular infarction, due to spatially inhomogeneous distribu-tion29 of refractoriness. The activation front circulated around both ends of the arc of block and rejoined on its distal side. It then broke through the arc to reactivate an area proximal to the block. Reentrant activation continued as a figure-eight activation pattern, whereby two circulating wave fronts advanced simultaneously, one in a clockwise and the other in a counterclockwise direction, around two arcs of conduction block.
The present study is the first to show the mechanism of initiation of a single-loop reentry in a syncy-tium without anatomically predetermined reentrant pathways in vivo.
We have suggested previously30 that the leading circle model of reentry24-26 in vitro may represent a modification of a figure-eight reentrant circuit in which one of the two loops becomes nonfunctional during initiation of the arrhythmia because the arc of block joins the edge of the preparation, thus preventing activation from circulating around it. This would result in a single reentrant loop. We also have argued that the same situation could be reproduced during induction of single-loop reentry in vivo if one end of the functional arc of block, around which the subsequent circus movement is oriented, joins the AV ring. The present study provides direct evidence of this hypothesis. During the initiation of a single reentrant loop, an arc of functional conduction block extended to the AV ring, forcing the activation to proceed only as a single wave front around the free end of the arc before breaking through the arc at a site close to the AV ring. Activation continued as a single circulating wave front around an arc of block in the proximity of the AV ring or around a combined functional/ anatomic obstacle; the arc was usually contiguous with the inferior vena cava. The requirement of a functional arc of block long enough to sustain circus movement makes it more likely that one end of the arc will encounter the AV ring or a natural anatomic obstacle like the inferior vena cava. Although the circumference of the natural orifices is too short to sustain circus movement, the combination of a functional arc of block and a natural obstacle could create a functional/anatomic obstacle of sufficient length. Further, the isthmus of atrial tissue between the inferior vena cava and the AV ring was frequently the site of slow conduction, thus satisfying another requirement for reentry in the present model.
Role of the Slow Zone for Termination of Single-Loop Circus Movement
Single reentrant loops always included an area of slow conduction that was bounded by the central obstacle and the AV ring. Because of this strategic location, the circulating wave front could not avoid the slow conducting pathway. Localized conduction block within the slow zone necessarily resulted in termination of the circus movement, as the arc of block rejoined the central obstacle with the AV ring. Similarly, the vicinity of the AV ring was the crucial site in an example of spontaneous termination of atrial flutter induced by acetylcholine and rapid pacing shown by Allessie et al. 9 Frame and Simson31 described complex oscillations at different sites of the predetermined circuit around the tricuspid ring that preceded spontaneous termination of atrial flutter. These oscillations were ascribed to changes in conduction and refractoriness in partially refractory tissue. The localized cycle-length alternans in the slow zone before spontaneous termination shown in Figure 8 could have been due to a similar mechanism.
The area of slow conduction was not only the site of termination of reentrant atrial flutter. In the same dog, different episodes within the same reentrant pathway could vary up to 50 msec in cycle length. This was due to a slower or faster spread of activation in the zone of slow conduction. Thus, the slow conducting zone seems to represent crucial components of the single reentrant loop in the sterile pericarditis model: it is the site of tachycardia termination, it seems to control the tachycardia cycle length, and it might also be the primary site of action of antiarrhythmic drugs.
Role of the Functional Arc of Conduction Block
We have shown that the initiation of atrial reentry required the development of a functional arc of conduction block in response to a critically timed premature stimulus. The arc of block was not present during sinus rhythm at longer cycle lengths. Sustained singleloop circus movement was also oriented around an arc of functional conduction block. High-density recording of close bipolar ECGs along the arc of block showed double potentials separated by an isoelectric interval. The two potentials were interpreted as local activation and as electrotonic potential reflecting activation at an adjacent recording site on the opposite side of the arc of block. The ECG there revealed a reverse order of activation and electrotonus. Activation potentials corresponded in time with activation of large isochronal regions on either side of the arc of block. The interval between the two potentials was maximal in recordings obtained near the center of the arc. Double potentials in unipolar ECGs were also demonstrated in the study by Allessie et a19 and were similarly interpreted to reflect the presence of a functional arc of conduction block.
High-resolution close bipolar recordings in the vicinity of the arc of block during reentrant atrial flutter in the present study, as well as during sustained circus movement in the postinfarction canine heart,32 did not show multiphasic ECGs with long duration, as was previously reported for the latter model by Dillon et al. 33 These recordings were interpreted to mean that the arc of conduction block may actually represent pseudoblock due to anisotropic slow conduction across the longitudinal axis of myocardial fibers. Boyden14 suggested that circus movement reentry in dogs with right atrial enlargement may also occur around arcs of pseudo-conduction block. High-resolution maps during sustained circus movement atrial flutter in the present study revealed an abrupt difference in activation time of 50 msec at adjacent electrode sites only 2 mm apart (Figure 11 ). This would translate into a conduction velocity of less than 0.04 m/sec. Although a spatial resolution of 2 mm might not be sufficient to exclude very slow conduction, the absence of fragmented long-duration ECGs and a hypothetical conduction velocity of less than 0.04 m/sec favors the interpretation of this marked difference in activation time as functional conduction block. Minimum conduction velocities in canine atrial tissue, as shown by Spach et al,34 range from 0.04 to 0.12 m/sec. Anisotropic conduction of premature impulses in which the activation wave front blocks along the longitudinal axis of atrial fibers and conducts slowly across the fiber axis has been shown to initiate circus movement in normal atrial tissue. 34, 35 This anisotropic conduction may even be exaggerated in the presence of atrial pathology, such as increased connective tissue septa or intersititial edema, which are seen in the transitional zone of surviving atrial fibers in the canine pericarditis model (Figure 11 ). Our preliminary histological observations failed to reveal any characteristic anatomic features at sites of functional conduction block. However, further studies are needed to assess the relevance of anisotropic conduction properties for initiation and/or sustenance of circus movement atrial flutter in the canine sterile pericarditis model.
In view of the architecture of the atrial myocardium with a complex pattern of anular and looped fibers, the occurrence of long arcs of functional conduction block and the lack of unique histological features at critical areas might favor the hypothesis that spatial dispersion of refractoriness provides the electrophysiological basis for the development of a functional arc of block in this model.
Spatially nonhomogeneous refractoriness was necessary for the initiation of circus movement reentry in rabbit atrial myocardium in vitro24-26 and in a dog with hypoplastic right atrial myocardium in vivo. 4 We have recently compared high-resolution activation patterns and distribution of refractory periods during the initiation of circus movement reentry by premature stimulation in the postinfarction canine heart. 36 As in the present study, conduction block was found to occur abruptly, within 1 mm, and without prior decrement of conduction. The occurrence of functional conduction block was correlated with an abrupt increase in effective refractory period within 1 mm or less.
Although intramural and endocardial recordings were not obtained in the present study, reentrant activation can only take place in the surviving atrial layers (layers 4 and/or 3 in Figure 11 ). The electrophysiological characteristics of atrial fibers in these two zones and the correlation of activation and refractory maps should be the subject of further studies.
Clinical Relevance of Experimental Models of Atrial Flutter
The normal dog heart is not susceptible to the induction of sustained atrial flutter.4,14,37 After surgical creation of an anatomic obstacle, sustained atrial flutter can be easily induced.1-6 However, reentrant activation within anatomically predetermined pathways may have little relevance to the clinical arrhythmia. Allessie et a19 have shown that continuous acetylcholine infusion facilitates the induction of short episodes of atrial flutter. The initiation of the arrhythmia could not be studied in their model. Their findings were consistent with single-loop circus move-ment around relatively long arcs of functional conduction block similar to the activation pattern reported in the present study. Boyden14 studied sustained atrial flutter in dogs with right atrial enlargement. Initiation and termination of the arrhythmia were not analyzed. Once again, isochronal maps revealed a single-loop reentrant pattern around relatively long functional arcs of block. We could demonstrate that reentrant circuits in the sterile pericarditis model commonly have a singleloop configuration around a functional arc of block located close to the AV ring. The AV ring might act as an anatomic barrier that protects one side of the critical slow zone during atrial flutter and forces the circulating wave front to proceed along the area of slow conduction. This is in accordance with the concept that two barriers may be necessary to construct a reentrant circuit in the atrium. '4,2338 Several studies of clinical atrial flutter show evidence in support of the hypothesis that the arrhythmia is due to circus movement commonly located in the posteroinferior wall of the right atrium. Programmed electrical stimulation during atrial flutter pointed to an area of slow conduction located in the lower right atrium.39 Using endocardial catheter recordings, Puech et a140 and Chauvin and Brechenmacher1 have described an isthmus of slow conduction in the region of Koch's triangle, between the orifices of the inferior vena cava, the coronary sinus, and the tricuspid ring. Endocardial catheter fulguration4' as well as epicardial cryosurgical ablation42 of this area were shown to terminate the arrhythmia and to prevent its recurrence during follow-up.
The observation that most examples of clinical atrial flutter seem to show a similar activation pattern with the critical site of the reentrant circuit located close to the tricuspid AV ring, inferior vena cava, and coronary sinus is intriguing. The present study provides a possible explanation for this observation, based on the interaction of a functional arc of block with an anatomic border (the tricuspid AV ring) and a natural obstacle (the orifices of the inferior vena cava and the coronary sinus). This, together with a zone of slow conduction, creates the necessary prerequisites for sustained circus movement reentry. A better understanding of the pathophysiology of clinical atrial flutter through critical analysis of relevant experimental models could enhance the means to treat the arrhythmia.
